Figures-of-merit for the technical development and application of advanced oxidation technologies for both electric-and solar-driven systems (IUPAC Technical Report)
Abstract: Advanced oxidation technologies (AOTs), which involve the in situ generation of highly potent chemical oxidants, such as the hydroxyl radical (•OH), have emerged as an important class of technologies for accelerating the oxidation (and hence removal) of a wide range of organic contaminants in polluted water and air. In this report, standard figures-of-merit are proposed for the comparison and evaluation of these waste treatment technologies. These figures-of-merit are based on electric-energy consumption (for electric-energy-driven systems) or collector area (for solar-energy-driven systems). They fit within two phenomenological kinetic order regimes: 1) for high contaminant concentrations (electric energy per mass, E EM , or collector area per mass, A CM ) and 2) for low concentrations (electric energy per order of magnitude, E EO , or collector area per order of magnitude, A CO ). Furthermore, a simple understanding of the overall kinetic behavior of organic contaminant removal in a waste stream (i.e., whether zero-or first-order) is shown to be necessary for the description of meaningful electric-or solar-energy efficiencies. These standard figures-of-merit provide a direct link to the electric-or solar-energy efficiency (lower values mean higher efficiency) of an advanced oxidation technology, independent of the nature of the system, and therefore allow for direct comparison of widely disparate AOTs. These figures-of-merit are also shown to be inversely proportional to fundamental efficiency factors, such as the lamp efficiency (for electrical systems), the fraction of the emitted light that is absorbed in the aqueous solution, and the quantum yield of generation of active radicals.
I. INTRODUCTION
Advanced oxidation technologies (AOTs), which involve the in situ generation of highly potent chemical oxidants, such as the hydroxyl radical (•OH), have emerged [1] as an important class of technologies for accelerating the oxidation (and hence contaminant removal) of a wide range of organic contaminants in polluted water and air. A partial list of these technologies includes: homogeneous ultraviolet irradiation [2] (either direct irradiation of the contaminant or photolytic oxidation mediated by hydrogen peroxide (UV/H 2 O 2 ), and/or ozone (UV/H 2 O 2 /O 3 or UV/O 3 ), heterogeneous photocatalysis using semiconductor catalysts (e.g., UV/TiO 2 ) [3], electron-beam irradiation [4] , X-ray or gamma-ray radiolysis, nonthermal electric discharge [5] , supercritical water oxidation [6] and ultrasonic irradiation (sonolysis) [7] or electrohydraulic cavitation. These technologies involve widely different methods of activation, as well as oxidant generation, and can potentially utilize a number of different mechanisms for organic contaminant removal. Most of these processes, however, are electric-energy-driven and share the common denominator of hydroxyl radical chemistry for part of the contaminant removal. Of the above AOTs, the photochemical processes are the most important commercially; hence, photochemical examples are used in the discussion of the application of the figures-of-merit developed in this paper, including those driven by the absorption of solar energy.
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Despite the fact that some of these AOTs have been developed to the point of full-scale commercialization, generally applicable figures-of-merit have yet to be established. There has been a tendency to quote or estimate treatment costs per unit volume for a particular waste stream and technology (e.g., dollars/1000 gal); however, such notation does not take into account the concentration of the contaminant nor the treatment goals. Herein, figures-of-merit are recommended that are based on electric energy consumption or solar collector area within two phenomenological kinetic order regimes: one for high contaminant concentrations, and one for low concentrations. Furthermore, a simple understanding of the overall kinetic behavior of organic contaminant removal in a waste stream (i.e., whether zero or first order) is necessary for describing meaningful energy efficiencies. These standard figures-of-merit are valuable in that they give a direct link to the electric-or solarenergy efficiency of an advanced oxidation technology, independent of the nature of the system, and therefore allow for comparison of widely disparate AOTs (see ref. 8 for an example of how these figures-of-merit have been used to evaluate three different AOTs). Such figures-of-merit are necessary not only to compare AOTs, but also to provide the requisite data for scale-up and economic analyses for comparison with conventional treatment technologies (e.g., carbon adsorption/regeneration, air stripping, and incineration).
There are a number of important factors in selecting a waste-treatment technology, including: economics, economy of scale, regulations, effluent quality goals, operation (maintenance, control, safety) and robustness (flexibility to change/upsets). Although all these factors are important, economics is often paramount. A full economic analysis of the net present cost (i.e., amortized investment, installation, and operating costs) of implementing a wide range of treatment technologies represents an arduous task and is both site-and problem-specific.
Since most AOTs are electric-energy-intensive, and electric energy can represent a major fraction of the operating costs, simple figures-of-merit based on electric energy consumption can be very useful and informative. Moreover, electric energy dose requirements also dictate the size of the capital equipment needed to generate the requisite dose, so investment should also tend to scale (inversely) with this figure-of-merit.
The use of solar energy to mineralize organic pollutants or to detoxify water or air contaminated with them has gained considerable interest in the past few years [9, 10] . As this approach moves toward possible commercial application, there is a need for corresponding "solar figures-of-merit" to evaluate and to compare various solar-energy-driven systems.
Note: the authors chose not to follow all the recommendations given in the IUPAC "Green Book" [11] , because this report is aimed at a specific audience used to a certain choice of units, and for whom equations containing numerical values related to specified units are more useful.
II. A SIMPLE REACTION MECHANISM FOR AOTs
Although the removal and eventual mineralization of organic contaminants through advanced oxidation processes can be complex, and involves a number of elementary chemical steps, the overall kinetics or rate of removal of a specific component, and even the reduction of the total organic carbon (TOC) content, can often be described phenomenologically by simple rate expressions that are either zero-order or first-order in the organic contaminant. In general, most processes involved in AOTs can be modeled by the following simple mechanism:
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This simple mechanism illustrates why one often observes simple overall kinetics that are either zero-or first-order in the contaminant C. 
The demarcation between "high" and "low" concentration varies considerably with the system but is often ~100 mg/L. (For TOC reduction, much lower concentrations can still follow zero-order kinetics [14] .) The kinetic order with respect to C has important ramifications for defining the parameters of the electric-energy dose for an AOT treatment. As described below, the dose requirements within the zero-order regime increase linearly with the amount of organic material to be treated (i.e., with mass), whereas, for the first-order regime, the dose scales with the volume and treatment goal (i.e., orders of magnitude of reduction in concentration).
III. FIGURES-OF-MERIT FOR ELECTRIC-ENERGY-DRIVEN SYSTEMS
Two figures-of-merit are proposed: one suitable for high organic concentrations and the other for low concentrations.
III.1. Electric energy per mass (E EM )
This figure-of-merit is most useful when [C] is high (i.e., phenomenologically zero-order in C) because the rate of removal of the contaminant is directly proportional to the rate of electric energy use. The definition of E EM is: 
The "electric energy" is defined as the energy supplied to the AOT treatment system (i.e., "outof-the-wall") [16] . It is important that the starting concentration be stated when giving an E EM value.
Often the E EM can be related to more fundamental parameters of the system. For example, in the case of a photochemical process, ξP = GχΦ Z• (see eq. 4), where G is the photon flow (einstein s 
Thus, the E EM is inversely proportional to the fundamental efficiency factors G, χ, and Φ Z• . The more efficient the lamp, the larger G will be, compared to the input power P, and the lower the E EM . Also, the larger the fraction of the light absorbed (χ → 1.0) and the larger the quantum yield Φ Z• , the smaller the E EM . Similar fundamental efficiency equations could be derived for other AOTs.
Equation 7 can be used to calculate a minimum feasible value of E EM (i.e., maximum efficiency) for a photochemical oxidation process:
A hypothetical contaminant is assumed with a molar mass of 100 g mol −1 :
1. 25% of the electric energy input into a medium-pressure UV lamp system produces useful UV photons with an average wavelength of 254 nm. One einstein (one mole) of 254-nm photons carries an energy of 0.1308 kWh, or one kWh of electric energy output (at 25% efficiency) would generate 1.91 einsteins of UV photons so that 1.91 moles or 191 g of the contaminant would be degraded per kWh of electric energy. Under these "best-case" assumptions, the minimum E EM would be 5.2 kWh/kg. For TOC reduction (i.e., molar mass of 12 g mol -1 ) and assuming only two hydroxyl radicals required per carbon atom, the minimum E EM would be 87.2 kWh/kg TOC.
More efficient photochemical processes would require more efficient light sources (unlikely, except for incremental improvements), processes that utilize a wider range of the spectral lamp output (now possible with some iron-based photocatalysts) or greater than unit quantum yields for oxidant production [17] . Similar estimates of maximum efficiency should be definable in an analogous manner for other AOTs.
III.2. Electric energy per order (E EO )
This figure-of-merit is best used for situations where [C] is low (i.e., cases that are overall first-order in C) because the amount of electric energy required to bring about a reduction by one order of magnitude in [C] is independent of [C] [18] . Thus, it would take the same amount of electric energy to reduce the contaminant concentration from 10 mg/L to 1 mg/L in a given volume as it would to reduce it from 10 µg/L to 1 µg/L. E EO is defined as: 
and using eq. 5 (11) Thus, the E EO is again inversely proportional to the three important fundamental efficiency parameters.
Equation 11 can be used to illustrate the calculation of a theoretical E EO for a given system. Suppose that a wastewater containing trichloroethene (TCE) at 10 mg/L is to be treated by a UV/H 2 O 2 process, where the water has a bicarbonate concentration of 10 mM at pH 7 and an added H 2 O 2 concentration of 100 mg/L (2.94 mM). The rate constants for reaction of hydroxyl radicals with H 2 O 2 (2.7 × 10 7 M −1 s −1 ), HCO 3 − (8.5 × 10 6 M −1 s −1 ) and TCE (4.2 × 10 9 M −1 s −1 ) are known [22] .
Assume that a 1-kW lamp is used with 25% UV power efficiency in the 200-300 nm region. If one assumes that the average wavelength is 254 nm (G = 5.31 × 10 −4 einstein s −1
), χ = 0.75 and Φ Z• = 1.0, the E EO is calculated to be 0.034 kWh/m 3 /order. Note that the E EO is inversely proportional to k C .
IV. SOLAR-ENERGY-DRIVEN SYSTEMS
In solar-energy-driven systems, the electric energy , and t is the time [h]}. While there is no cost for the solar radiation, there can be a substantial capital cost for the collector. Generally, the capital cost of a solar collector is proportional to its area; hence, figures-ofmerit based on the solar collector area are appropriate.
The solar irradiance E S anywhere on Earth's surface depends on the time of day, the season, the altitude, latitude, and the cloud cover. (The spectral distribution of E S depends somewhat on altitude and atmospheric conditions, but these effects are small enough to be ignored for purposes of defining figures-of-merit.) With the sun directly overhead on a cloudless day, E S is about 1000 W m −2 . A "standardized" irradiance, E S o (1000 W m −2 based on the AM 1.5 standard solar spectrum on a horizontal surface) [23] , can be used in the definition of the solar figures-of-merit by correcting the observed irradiance to the standard. Thus, two "solar figures-of-merit" can be defined for the two kinetic regimes based on the collector area necessary to remove a given pollutant. The average solar irradiance E -S over the time of a given treatment is given by (12) where E S (t) is the irradiance at a given time t and t i , t f are the initial and final times, respectively. E -S is best determined using an integrating radiometer or an actinometer (e.g., the ferrioxalate actinometer [24] ).
IV.1 Collector area per mass (A CM )
In the high concentration range, the appropriate figure-of-merit is the collector area per mass (A CM ), defined as 
VI. CONCLUSIONS
The figures-of-merit proposed in this paper provide a direct link to the efficiency (lower values mean a more efficient process) of an AOT system, independent of the nature of the system (i.e., effectively treating the AOT system as a "black box"). These figures-of-merit (E EM and E EO for an electric-energy-driven system and A CM and A CO for a solar-energy-driven system), allow for a rapid determination of the system costs and an indication of the total power and/or capital investment required for a specific application. For example, if the E EO of a process is 3.0 kWh/m 3 /order, the treatment goal is a reduction in the concentration of the contaminant by a factor of three orders of magnitude and the cost of electricity is 0.08 USD/kWh, the electric energy cost will be 3.0 × 3 × 0.08 = 0.72 USD/m 3 of water treated. Of course, there are other cost factors (chemicals, operation/maintenance, capital, etc.) that go into a complete cost analysis; however, these figures-of-merit, if adopted, will allow the industry and potential users to have a standardized objective basis for comparison. Lastly, it is clear that an understanding of the kinetics of contaminant removal, at least whether phenomenologically first-or zeroorder, is the key to understanding the elements and applicability of advanced waste-treatment technologies.
